Summary. Frozen biological specimens in t-butyl alcohol were examined under a low-vacuum environment in a "wet SEM" or "variable pressure SEM (scanning electron microscope)" equipped with a cooling stage and highly sensitive backscattered detector of the YAG type. After fixation with glutaraldehyde and osmium tetroxide, rat tissue blocks (tracheae and kidneys), and cultured human carcinoma cells were dehydrated with a graded series of t-butyl alcohol. The specimens were directly frozen on the cooling stage at -10C, evacuated to 20Pa in the specimen chamber, and observed by detecting backscattered electrons at accelerating voltages of 5-6kV. The images became clearer 20min after the vacuum reached 20Pa and revealed had good quality by 30min, probably because t-butyl alcohol was sublimated during the time. The cilia of tracheal ciliated cells, end-feet of the podocytes of the renal glomerulus, and processes of cultured cells were clearly observed without any serious preparation artifacts.
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Since the low-vacuum SEM of t-butyl alcohol frozen samples is both simple and provides high imaging quality, it is expected to be useful in a variety of biological fields such as the rapid pathological diagnosis.
Scanning
electron microscopy (SEM) in a lowvacuum environment, or low-vacuum SEM, can be performed by using a special instrument named the wet SEM or variable-pressure SEM. This instrument permits pressure of its specimen chamber to range from 1 to over 100Pa during operation, and creates images by detecting backscattered electrons (ROBIN-SON, 1975 , 1978 KUBOKI, 1993) . Low-vacuum SEM has the advantage of being free from charging artifacts even in non-conductive materials; residual gas molecules are ionized in the specimen chamber and neutralize the negative charge forming on the nonconductive specimens. This enables a total omission of conductive-staining and metal-coating for SEM imaging of biological specimens (KUBOKI, 1993; KUBOKI and WADA, 1996) . The low vacuum SEM has been used for the direct observation of wet plants and insects (KUBOKI, 1993; KUBOKI and WADA, 1996) , but it has been difficult to demonstrate the surface structure of soft animal specimens without metal-coating. This is because the surface densities of soft animal samples are lower than those of plants or insects; at the standard accelerating voltages of 10-20kV, primary electrons penetrate deeply and the resultant backscattered electron images of the non-coated samples are usually rather transparent.
We, however, have recently succeeded in visualizing the surface structure of non-coated soft animal specimens with high resolution in a low vacuum environment at low accelerating voltage by the use of a variable-pressure SEM equipped with a highly sensitive BSE detector of the YAG type (USHIKI et al., 1998) . This afforded us the opportunity of observing directly and practically wet or frozen animal samples without any coating by this SEM.
We thus have applied the variable-pressure SEM to the observation of specimens which were frozen in t-butyl alcohol. t-Butyl alcohol has been widely used as an organic solvent for freeze-drying (WHEELER et al., 1975; INOUE and OSATAKE, 1988; INOUE et al., 1989) since it freezes below 25.5C without producing crystal formation. In the present study, we introduce a new method for low-vacuum SEM which does not require any other specimen preparation except for the fixation and dehydration of samples.
MATERIALS AND METHODS
As tissue materials, tracheae and kidneys were obtained from adult Wistar rats which had been perfused from the left ventricle with physiological saline followed by 2% glutaraldehyde in O.1M phosphate buffer (pH 7.4) at room temperature. These were cut into small cubes about 3x3x3mm, immersed in the same fixative for more than 1 day, rinsed in 0.1M phosphate buffer and postfixed with 1% osmium tetroxide for 2h at room temperature.
As cultured cell materials, human esophageal carcinoma cells (KEsC2, C7 subclone) were used. The cells were cultured on carbon plates in a plastic dish for 3 days in the culture medium (Med. 1, IBL, Gunma, Japan) containing 5% fetal bovine serum and antibiotics at 37C in a humidified 5% Co2/95% air atmosphere. The carbon plates were made according to the method described by TANAKA et al. (1990) . These cells were fixed with 0.5% glutaraldehyde in O.1M phosphate buffer for 30min, rinsed in 0.1M phosphate buffer and postfixed with 1% osmium tetroxide for 30min at room temperature. All of the specimens were dehydrated with 50%, 80%, and 100% t-butyl alcohol for 10min, respectively.
For observation of the samples, we used a variablepressure SEM (S-2380N, Hitachi, Japan) equipped with a cooling stage unit (Hitachi, Japan). The cooling stage allows a sample temperature setting from -10C to 20C during SEM observations (KUBOKI and WADA, 1996) . The dehydrated specimens described above were put on double-sided tape attached to an aluminum stub. After a drop of t-butyl alcohol was added onto the specimens, the stubs were held at the cooling stage precooled at -10C, and the specimens were allowed to freeze in an atmospheric pressure for several minutes. 
RESULTS
The specimen chamber usually reached 20Pa within 3min after the onset of evacuation By operating the SEM under a pressure of 20Pa at an accelerating voltage of 6kV, the sublimation process of t-butyl alcohol could be traced as shown in Figure 1 . The initial images on the display screen were blurry and sometimes swayed when a rapid-scan mode was performed. These images became clear 20min after the onset of evacuation and showed the surface structure of the tracheal lumen. The images became clearer to ultimately achieve good quality at 30min after the pressure reached 20Pa in the specimen chamber. Thus, the three-dimensional surface structures of cells in non-coated tissue were clearly and directly visualized without charge-up artifacts (Figs. 1c, d , 2-4). The backscattered electron images of these specimens at 5-6kV
were roughly comparable to the secondary electron images of metal-coated specimens with conventional high-vacuum SEM methods.
In the rat tracheal epithelium, surface structures such as the microvilli of brush cells and a cluster of cilia on ciliated cells were well preserved without serious damage by freezing or sublimation (Fig. id) . However, we occasionally encountered weakly distorted cilia, probably due to beam damage of the specimens. In the glomerulus of the rat kidney, the cell bodies, primary processes, and end-feet of podocytes were visible without any significant preparation artifacts or deformity (Fig. 2) . Interdigitations of end-feet were clearly imaged at high magnifications (Fig. 3) , although the space between the neighboring end-feet could occasionally be slightly dilated. The surface topography of the cultured cells was also well preserved by this method (Fig. 4) . The cellular processes such as lamellipodia and filopodia were well retained (Fig. 4b) , although a few cells showed crackings.
DISCUSSION
In the present study, we have succeeded for the first time in observing frozen animal cells in the wet SEM or variable-pressure SEM. Previous investigators have applied the conventional high-vacuum SEM to the imaging of frozen specimens (NAGURO et al., 1980; GARDNER et al., 1981; FUJIKAWA et al., 1988 FUJIKAWA et al., , 1997 KOBAYASHI et al., 1995; SANG et al., 1995) and called this method "cryo-SEM." Cryo-SEM, however, requires metal coating of the sample surface in a special instrument under a very low temperature, in addition to rapid freezing to avoid crystal formation and deformation of the surface structure. Observation of t-butyl alcohol frozen samples by low-vacuum SEM, documented in this study, are quite simple even if fixation and dehydration is required.
The present observations have shown that the images were blurry at first, becoming clear within 20-30min after the onset of evacuation. This phenomenon is probably due to the continuous produc tion of t-butyl alcohol gas from the specimen, suggesting that the sublimation of t-butyl alcohol occurs in the specimen chamber within 20-30min. INoUE and OSATAKE (1988) reported that 1ml of frozen t-butyl alcohol was completely sublimated within 35min after the onset of evacuation.
These events, therefore, suggest that clear images in the present study were obtained after the applied specimens had completely dried.
By use of our t-butyl alcohol-freeze-sublimation technique, processes of conductive staining by highvacuum SEM, drying, and metal-coating are no longer required to obtain clear-cut SEM images; the fixed and dehydrated specimens are directly put into the SEM and easily examined soon after evaporation without any drying technique in special instruments. Thus, the tissue preparation by our procedure requires only 1h after osmium-fixation, while conventional procedures including conductive staining, dehydration, critical point drying, and metal coating, need about 1 day or more.
It has been reported that the pumping efficiency of the rotary pump declines quickly because t-butyl alcohol dissolves in the oil of the rotary pump (INoUE et al., 1989) . However, this problem can be resolved either by equipping the SEM with a cold trap between a specimen chamber and a rotary pump (INoUE et al., 1989) or by using fluorine oils as the oil of a rotary pump.
In conclusion, the direct observation of t-butyl alcohol frozen samples in a variable-pressure SEM is simple and shortens the tissue preparation time for SEM, and is expected to be used as one of the convenient procedures for low-vacuum SEM. From its simplicity and imaging quality, we believe that this technique is especially useful for a rapid diagnosis in clinical or pathological fields. 
